Daily cycle of variability contents of phosphorus forms in surface microlayer of a light salinity Baltic Sea Lagoon lake (North Poland) -Part II of the occurrence of nitrogen forms; the third part will discuss the dynamics of heavy metals [21] .
This study was performed at the Baltic Sea lagoon lake which has a low salinity content. The purpose was to assess the availability and influence of a daily cycle of biogenic substances on the concentration variability and migration of phosphorous from the subsurface water to the ecotone on the boundary of the hydrosphereatmosphere and vice versa.
Experimental procedure
The sampling site located in the shallow and eutrophic Lake Dołgie Wielkie, is localized at 54°42'08.12'' N and 17°11'46.45'' E ( Fig. 1) . [14] . The basin area of the lake is 156.4 ha, while the maximum depth is 2.9 m, and the mean depth is 1.4 m [22] . It is a polymictic lake where wind causes the water to mix water to the bottom [23] . The lake located two kilometers from the coast of the Baltic Sea and is part of the Słowiński National Park (Poland).
Samples from the lake's surface microlayer and subsurface water were collected for twenty four hours in June 2000. As a comparison, during the spring and summer of 2011, an additional 24 samples were collected. The 2011 concentration rates of the analysed form of phosphorus in the water samples were similar to the results from the corresponding periods in the daily experiment. Sampling stations were established on the Lake Dołgie Wielkie in the central north part in a small bay [20] .
Surface water samples were collected using the following three methods: the plate method (PM) was applied to sample the surface water microlayer with a thickness of 80 -115 μm [24] . The Garrett method (SM) was used to collect the surface microlayer with a thickness of 250 -300 μm [25] . Subsurface water (SSW) was collected at a depth of 15 cm from the water surface by immersing the container.
Chemical analyses
Total phosphorus content (T-P -method with ascorbic acid after mineralization in microwave mineralizator Maxidigest MP 350 Prolabo), organic phosphorus content (P-org = P-T -P-PO 4 ) and inorganic phosphates (P-PO 4 -method with ascorbic acid) were determined by means of the photometric method [26] with the use of the Shimadzu UV-VIS 1201 spectrometer [26] ; electric conductivity (EC) and pH was determined by means of application of the complex metric method; concentration of chloride ions was determined by means of the argentometric method [26] , oxygen consumption (OC-Mn) was performed according to Hermanowicz et al. [26] . The results of the concentration of nitrogen compounds and dissolved gases were cited in the first part of the cycle [20] . The methods of validation for phosphorous was using calibration curves with the precision of CV 2.8%; for the electric conductivity the precision was CV 1%, for the pH CV 1% and for the chloride ions CV 2% (were CV -coefficient of variation).
Statistical analysis
Enrichment factors (EF) were applied to compare both investigated media: water from the surface microlayer and subsurface water. The EF were calculated using thethe following formula:
where: C PM or C SM -concentration of the analyzed component in a respective surface microlayer (for plate method and Garrett method respectively); C SSW -concentration of the same component in subsurface water [27] , counting in terms of the partial values:
where: successive unit indexes were calculated according to individual partial values, e.g. C SML1 -concentrations in season 1 in microlayer PM or SM, C SW1 -concentrations of a component during the same hour and at the same sampling station in the subsurface water layer and analogously the 2nd results up to the i-th result.
Since the distribution was significantly different from its normal state, the Spearman rank test -r s was applied. Following the correlation analysis, linear regression curves were selected and determined [28] .
Results and discussion
In the subsurface water layer (SSW) the average concentration of phosphorus (P-T) was 123.30 µg L -1 , organic phosphorus (P-org) 47.08 µg L -1 , phosphate phosphorus (P-PO 4 ) 76.21 µg L -1 (Table 1) . 2000 and 2011 concentration rates show similar values for the phosphorus forms . The concentration rates in 2011 were P-T 126.2 µg L -1, P-org 62.10 µg L -1 , and P-PO4 64.10 µg L -1 . The analysis (Table 1) reveals that the updated phosphorus compounds and particular analyzed constituents obtained in 2011 are close to the ones obtained during the daily experiment.
The neighboring Lake Łebsko which is located to the East of Lake Dołgie Wielkie showed that, its average concentration of total phosphorus in 2009 approximated that of Lake Dołgie Wielkie (123.2 µg L -1 ; unpublished data), however in the neighboring estuary of Lake Gardno on the West side of the Lake Dołgie Wielkie, the concentration of total phosphorus was 23 µg L -1 [2] . The surface microlayer PM showed to be the highest of the three analyzed layers in the concentration of the analyzed form of phosphorus. It was especially visible in the organic phosphorus (P-org), where a concentration of 208.4 µg L -1 was observed at the surface microlayer PM. (Table 2) , and the enrichment factor (coefficient) of that microlayer was 5.15 (Table 4) . This is considered a high value regarding the surface microlayer of the lakes. However the literature suggests similar enrichment factors, for example EF PM =4.8 in Lake Gardno [2] . The microlayer that exhibited a thickness of about 
* It also shows the data from Lake Dołgie of 2011 (n= 24).
Daily cycle of variability contents of phosphorus forms in surface microlayer of a light salinity Baltic Sea Lagoon lake (North Poland) -Part II 250 µm (SM) showed that the content of P-org was 125.6 µg L -1 (Table 3) , and the enrichment factor was 3.22. In the neighboring Lake Gardno the EF PM were 14, while EF SM 3.9 [2]. The lakes that were analyzed in the Mazurian Lake District showed EF values of EF for P-T rangingfrom 2.13 to 3.42 [13] .
The concentration of chloride ions in the examined surface water layers of Lake Dołgie was about 15 mg L -1 . A decrease in the concentration toward the surface microlayer PM (Tables 1-3) was observed. This supportsthe research done by Antonowicz [4] in three lakes of Pomerania: Lake Jasień, Lake Dołgie Wielkie and Lake Gardno. A change in the value of electric conductivity were analogousto the changes of concentration of chloride ions. Higher or comparable values of that parameter were found in the SSW layer. Calculated enrichment factors for chloride ions and PE were equal to 1 or very close to this value (Table 4 ). The minor differences in the concentration of chloride ions, suggests that they usually accumulate in the surface microlayer of water in lower quantity than in the SSW layer.
The oxidizing capacity of organic compounds (oxygen consumption) in the three analyzed layers was similar, however the enrichment factor for both microlayers indicates that the oxygen consumption was slightly higher in the surface microlayers: 1.05 on average (Table 4) .
The N-org [20] and P-org content in the examined surface water layers is the index that represents the approximate organic matter content and is correlated with the oxygen consumption ( Table 5 ). The value of the oxygen consumption mostly depends on the concentration of organic matter. The inverse correlation between the concentration of chloride ions and theconcentration of nitrogen and organic phosphorus results from the distribution of these parameters in the examined layers and not from their interdependence. Probably, due to the inability to accumulate inorganic chloride ions in the surface microlayer of water, their concentration in this ecotone is slightly lower than in the subsurface water. However, during the research conducted, the analyzed microlayers often represented a high cumulative capacity in reference to organic matter [2, 16, 17, 20] . The correlation matrix in Table 5 shows that the mineral form of nitrogen and phosphorus also represent a direct correlation with oxygen consumption. This can be explained by the activity of heterotrophic bacteria which can mineralize organic matter into mineral forms [10] . Undoubtedly, the capacity to accumulate various chemical substances in the surface water microlayers depends on those microorganisms which are present as well as on the chemical composition of subsurface water and the microlayer. Chemical composition of the water has impact, among others, on such parameters of the surface microlayer as viscosity or density. In effect, fresh water accumulate the same chemical substances and microorganisms in a different way than salty water [10, 19] . The analysis of Lake Dołgie Wielkie showed that chloride ions correlated with electric conductivity (r=0.66, p<0.05; Table 5 ). The literature references that the electric conductivity often correlates directly with chloride ions if the concentration of such ions is adequately high. This wasdiscovered while comparing selected salty water and brackish water in Polish Pomerania [4].
Fluctuation of the analyzed forms of phosphorous during twenty four hours
The condensation of the analyzed form of phosphorous during a twenty-four hour period indicated substantial amplitudes of oscillations. It was especially visible in the surface microlayers where an exemplary minimum condensation of P-org 32.2 µg dm -3 at PM microlayer and a maximum of 655 µg dm -3 were observed, as in the SM layer 10.8 (min) -510.3 (max) µg dm -3 (Tables 1-3) . At the subsurface water layer, the amplitude was much lower. It has been confirmed by the values of the variation coefficient: P-org in PM layer: 85.32%, SM layer: 88.94% and the lowest value in the SSW layer: 64.84%. Thecoefficient obtained for P-T was two times higher for the surface microlayers than forthe SSW layer. Falkowska [17] also found that research conducted for the culmination of chemical substances in the surface microlayerswithin short intervals, e.g. one hour periods, indicates much higher fluctuations of condensation than during research done at larger time intervals, e.g. 4 h.
Analysis of twenty-four hour variations of the content of phosphorus compounds in the lagoon lake of Dołgie Wielkie reflects the same course of changes in the concentration of phosphorus and organic phosphorus (Figs. 2, 3 ) becuase P-org is a dominating component of phosphorus.
According to Antonowicz [19] , a series of factors impacts the course of analyzed parameters which have changed in this period as well. They mostly comprise of exposure, migration of microorganisms and the concentration of chemical components in the water depth.
During the changes of the P-T and P-org concentration, two maximums in the surface microlayer PM were discovered. They were observed at about Daily cycle of variability contents of phosphorus forms in surface microlayer of a light salinity Baltic Sea Lagoon lake (North Poland) -Part II 6:00 p.m. And 10:00 p.m. (Figs. 2, 3) . At the occurrence time of those maximums, the concentration of the mineral phosphorus was low (Fig. 4) . In the thicker surface microlayer SM ,maximum concentrations of P-org, P-T and P-PO 4 were observed at 10:00 p.m.
The variation of the P-PO 4 concentration (Fig. 3 ) presents a decrease during the period from 10 a.m to 1 p.m. This decrease was found in all examined layers in both the phosphate phosphorus as well as the organic phosphorus. It was connected with translocation of such forms of phosphorus associated with microorganisms to deeper parts of the water, probably due to the high solar exposure at noon. There was an increase of P-PO 4 concentration after 1:00 p.m., first in the subsurface water and subsequently in the SM microlayer and then in the PM microlayer. Consequently, after 2:00 p.m., the production of organic phosphorus took place mainly in the PM microlayer, where the cumulation of phosphates was the highest. Since P-org was produced at the expense of P-PO 4 , a decrease of the condensation of phosphates to the level of about 80 µg dm -3 was observed after 3:00 p.m. The condensation was maintained till 10:00 p.m. with inconsiderable fluctuations. Such fluctuations may result from the speed of P-org production (organic matter) and from the speed of P-org mineralization. After 10:00 p.m., an intensive decrease of P-org in both microlayers was observed. This led to a decrease of P-PO 4 concentration, first in the PM microlayer, and then in the SM. In consequence, an increase of concentration of phosphates in subsurface water occurred. The concentration of such a form of phosphorus in SSW systematically increased till 5:00 a.m., probably due to the mineralization of cumulated organic matter in that layer, which is illustrated in Fig. 3 . The occurrence of a large quantity of P-PO 4 in the subsurface water led to its transfer to both examined microlayers. After 5:00 a.m., a sudden cumulation of phosphates was observed in the PM microlayer, originating in SSW and SM layers respectively.
Results of this study partially are in accordance with the research done in the year 2000 at the neighboring Lake Gardno [19] . In both experiments, two maximums of concentration of P-T and P-org were observed. During the research done at Lake Gardno, the peak concentration was observed at 12:00 p.m. (with a visible increase after 8:00 p.m.) in SM and PM microlayers [19] . This paper shows that analogous peaks occurred at around 10:00 p.m. (Figs. 2, 3) . Similarly, maximum peaks of concentration of P-T and P-org in the surface microlayer occurred in the afternoon. The experiments at Lake Dołgie Wielkie were conducted during the summer while experiments conducted at Lake Gardno were duting the fall. This was done so thatthe hours when maximum peaks of concentration were observed did not overlap. In the fall, sun radiation is much lower and so, has an impact on the surface microlayer and the neuston living there. Falkowska's research [18] evidenced vital impact of sun radiation on neuston organisms. At about 4:00 a.m., low values of organic phosphorus were observed in both experiments. Mineral phosphorus represented high concentration values during the afternoon and night hours. The hours in which the mentioned maximums were exhibited,overlapped with the research results concluded by Falkowska [18] of the Baltic Sea. In both experiments, two peak concentrations of P-org in a microlayer are visible. Presented results of P-org concentration daily fluctuations, pH changes as well as concentrations of chloride ions, was closely connected with their changes in subsurface water. In reference to these two parameters, changes which take place in the SSW layer have a vital impact on their behavior in the PM and SM microlayers. Both in the presented observations (Tables 1-3) as well as in the daily observations performed at Lake Gardno [12] , a relatively small amplitude of pH fluctuations is visible, which was always lower than 0.5 (a standard deviation value) for each examined layer.
A relatively lower influence of the SSW layer is reflected in electrical conductivity (Fig. 5) . This may be due to the fact that not only chloride ions have a vital impact on conductivity, but also other ions which were not analyzed in this paper.
Daily fluctuation of biogenic substances in the surface microlayer and the surface water layer results from various factors. The main factors which have impact on daily fluctuations are migrations of microorganisms from the group of heterotrophic bacteria [29, 30] , phytoneuston [18, 19] as well as processes of solar radiation [18] . According to Falkowska [17] , research done in short time intervals most often reflects vital fluctuations of concentration of biogenic substances. These amplitudes are even twice as high in the measurement held in one hour cycles than held in the four hour cycle and represent a much higher variation of concentrations. The variation of phosphorous compounds is also influenced by atmospheric conditions which change the physical capacity of the surface microlayer to accumulate particular substances.
The occurrence of maximum oxygen consumption at 6:00 p.m. correlated with a maximum concentration of organic phosphorus in the PM layer (Figs. 3 and 6 ) and with the concentration of total nitrogen (N-TK) and organic nitrogen concentration (N-org) described by Antonowicz et al. [20] . At the same time, a correlation between the low concentration of P-org and N-org in SM layer was found. The occurrence of a maximum concentration of organic phosphorus at approximately 10:00 p.m. in the surface microlayers, overlaps with a maximum concentration of N-org and N-TK at 10:00 p.m. and 11:00 p.m. [20] . A correlation analysis indicates a vital correlation among N-TK with N-org (0.96), P-T (0.45), P-org (0.44) and also a mutual vital correlation among these components (Table 5) . Oxygen consumption is connected with a reductive capacity of compounds included in water. Since organic substances in most instances are oxidable, the value of oxygen consumption is in direct proportion to the organic matter content. The lack of a high oxygen value of consumption at 10:00 p.m. in the PM microlayer may be the evidence that the organic forms of phosphorus which appear in it do not have a reductive capacity. However, in the SM microlayer, such forms of phosphorus did appear, which can be evidenced by a high level of oxygen consumption at that time. From 1:00 a.m. onward, the value of oxygen consumption increased in all examined layers, reaching the peak at 6:00 a.m. in microlayers and Daily cycle of variability contents of phosphorus forms in surface microlayer of a light salinity Baltic Sea Lagoon lake (North Poland) -Part II after 7:00 a.m. in the subsurface water. Such changes may be caused by compounds and ions of the reductive capacity inflowing from the water depths toward the surface.
A daily fluctuation of concentration of chloride ions (Fig. 7) and pH ( Fig. 8) was characterized with repetitive changes of insignificant increase and decrease in concentration of Cl -and H + ions. This study analyzed three parts of a series: part I includes the 24-hour cycle of variability contents of nitrogen forms in surface microlayer [20] , part III addresses heavy metal fluctuations [21] and part II are the presented results (this study). While analyzing the three parts of the series: [20, 21] and the presented results, it can be observed that the occurrence of chemical substances such as biogenic substances and metals have reciprocal influence on the occurrence of microorganisms from the neuston and plankton group, therefore, creating a unique surface microlayer ecotone composition. 
Conclusions
The examined phosphorous compounds show substantial fluctuations of concentration during the day. There are visible maximums and minimums which appear at similar times. The maximum values of concentration of those compounds often overlap with the ones observed during the tests done in others. The changes are of cyclical character, which means, that at a specific time of the day one can expect increases and decreases of concentration which appear at similar hours during the day. Fluctuations of concentration of phosphorous compounds are probably connected with the concentration of biogenic substances, migration of neuston compounds and weather conditions.
